Introduction
============

A major component of cellular response to changing conditions is a shift of the transcriptome to a new state, which is more adequate for facing the new environment. In eukaryotes, this shift is governed by a highly dynamic interplay between epigenetic, co-transcriptional and post-transcriptional processes, which determine the temporal concentration profiles of RNAs by controlling their production and degradation ([@b36]; [@b16]). The most commonly used mathematical description of the transcriptional response is expressed by the following differential equation ([@b18]):

Here, *M* is the mRNA concentration, d*M*/d*t* is its rate of change with respect to time *t*, β denotes the rate of transcript production and α is the transcript degradation coefficient. Response of a gene to stimulus is commonly described as an abrupt shift of its β and/or α to new values, which then remain constant (see [Figure 1A, B, D and E](#f1){ref-type="fig"}). mRNA concentration then approaches its new asymptotic value, β/α, with kinetics determined solely by the mRNA degradation coefficient α ([@b1]). Thus, a small steady-state value of α implies slow dynamics (a long mRNA half-life, *T*~1/2~=ln2/α) and also supports an economically favorable low production rate ([@b47]; [@b13]).

Notably, many organisms across the phylogenetic tree exhibit rapid rise times of long-lived mRNAs, in contradiction to this simple model. In bacteria, accelerated production can be achieved by time-delayed negative autoregulation ([@b44]) and in yeast through transcriptional control by an incoherent feed-forward loop ([@b32]; [@b33]). In mammalian systems, however, the operational strategies which govern transcript production and degradation profiles remain less well characterized.

Important case studies for dynamics of transcript production and degradation are exposure to serum, pathogen components such as lipopolysaccharide (LPS), or growth factors like the epidermal growth factor (EGF). These stimuli initiate well-characterized signaling cascades that culminate in orchestrated transcriptional responses involving *primary* and *secondary response genes* (PRGs and SRGs; [@b11]; [@b31]; [@b27]; [@b2]; [@b34]). PRGs include *immediate-early genes* (IEGs), whose mRNA expression often peaks during the first hour and *delayed early genes* (DEGs), which mostly peak during the second hour and mainly comprise delayed PRGs ([@b2]; [@b50]; [@b22]). While PRGs are rapidly induced by pre-existing transcription factors, without *de novo* protein synthesis ([@b24]; [@b9]; [@b23]; [@b43]; [@b52]), induction of SRGs depends upon newly synthesized activators. Correct identification of transcripts as PRG or SRG is of central importance in order to understand the networks that govern the response to stimulus. According to currently accepted views, IEGs primarily comprise transcriptional regulators and are mostly encoded by short, intron-poor and short-lived transcripts. Their rapid induction is facilitated by permissive chromatin structures and by swift attenuation of pre-existing negative regulators ([@b23]; [@b4]). Expression of IEGs is controlled by activation-dependent feedback (e.g., receptor endocytosis), by negative autoregulation and by DEGs ([@b45]; [@b10]; [@b2]). The latter regulate IEGs by transcriptional repression, destabilization of IEG transcripts or by attenuating the signaling pathways that lead to IEG induction. Regulation of DEGs remains less understood. The lag in their expression has been attributed to their distinct promoter properties, and to delays in transcription initiation and elongation ([@b50]; [@b43]). Intriguingly, many DEGs encode for long-lived mRNAs, yet they are rapidly induced ([@b50]).

The aim of our study is to uncover and quantify the dynamics of transcriptional responses to stimuli and to elucidate the operational strategies that govern them. To this end, we introduced a simple method that allows, for the first time, genome-wide simultaneous measurement of pre-mRNA and mRNA expression. When combined with a new mathematical model for transcription dynamics, production and degradation profiles (i.e., time-dependent functions) can be reliably inferred from these measured pre-mRNA and mRNA profiles. Our transcriptome-wide study reveals that transcript production rates, reflected by pre-mRNA profiles, exhibit a high dynamic range, and identifies a subset of genes that exhibit novel relationships between transcript production and mRNA abundance profiles. In particular, we identify genes that exhibit pre-mRNA *fold changes* (FCs) that exceed by an unexpectedly high margin those of the associated mRNA. Indeed, such temporally confined *production overshoot* is used to solve the 'conflict\' between long mRNA half-life and the need for rapid response. Taken together, our findings reveal complex dynamics of both pre-mRNA production and mRNA degradation rates, which shape the expression profiles of mRNAs in response to extracellular stimuli.

Results
=======

Inference of production and degradation profiles requires measurement of pre-mRNA and mRNA dynamics
---------------------------------------------------------------------------------------------------

Cellular response to stimuli involves time-dependent variation of the production rate β and the degradation coefficient α of [Equation (1)](#eq1){ref-type="disp-formula"}. Exact inference of *two* unknown functions (α(*t*) and β(*t*)) from the time-dependent mRNA abundance *M*(*t*) alone is impossible. Furthermore, the expression profiles of transcripts with typical mRNA half-lives track very poorly the profile β(*t*) of RNA production ([@b5]; [@b22]). Thus, independent assessments of production or degradation rates ([@b14]; [@b47]; [@b22]) are necessary.

Direct measurements of α(*t*) and β(*t*) involve interference with the system: prototypical methods induce transcription arrest (e.g., by actinomycin D, ActD) followed by measurements of mRNA decay to obtain mRNA half-lives. More recently introduced methods involve biosynthetic tagging by averaging the incorporation of labeled nucleotides (e.g., 4-thiouracil, 4-sU) over a certain time interval to measure newly synthesized RNA ([@b35]; [@b42]; [@b46]). When combined with measurements of mRNA abundance, either method can be used to infer production and degradation rates. Transcription arrest may alter transcript stability and thereby the measurement may affect the properties one wishes to measure. Methods based on incorporation of labeled nucleotides are more promising, and the underlying assumptions, that cellular uptake and incorporation of tagged nucleotides is constant over stimulus, and that labeled transcripts are spliced, exported from the nucleus and degraded at the same rate as their unlabeled counterparts, may be valid. By contrast, our method involving simultaneous and direct measurements of mRNA and pre-mRNA abundance profiles, *M*(*t*) and *P*(*t*), is not only much simpler, but also free of any 'interference\' with either transcription or mRNA degradation. Moreover, since no time interval for labeling is required, our method allows for tracking of pre-mRNA and mRNA profiles at high temporal resolution.

Mathematical modeling of the transcription process
--------------------------------------------------

We extended the 'minimal model\' of [Equation (1)](#eq1){ref-type="disp-formula"} and describe production of a particular transcript in terms of *P*(*t*) and *M*(*t*). Dynamics of these variables are described by two coupled linear differential equations of the form

Here, β is the (time-dependent) production rate of pre-mRNA, α~1~ denotes the conversion (splicing) coefficient of pre-mRNA to mRNA and α~2~(*t*) represents the degradation coefficient of mRNA. This simple model relies on the following main assumptions:(i) Time-dependent production rate: in principle, the production rate of a particular transcript may depend on the activity of various proteins (e.g., transcription factors, Pol II and so on), and may occur monotonically or in transcriptional bursts ([@b49]). We assume that all these can be absorbed in an effective (gene-specific) time-dependent production rate β(*t*) ([@b30]; [@b49]). We do not introduce explicit dependence of β on either *P* or *M*, because Pol II most likely elongates across the distal transcription units irrespective either of the number of polymerases recruited or of previous rounds of transcription ([@b12]; [@b20]; [@b48]; [@b51]; [@b30]; [@b49]).(ii) For most genes, the measured data can be explained and fitted well without incorporating in the model processes involving storage or transport of mRNA to specific cellular compartments (e.g., export to the cytoplasm). The main approximation introduced by this assumption is that even though mRNA is degraded only in the cytoplasm, in our model degradation is proportional to *M*(*t*), the total mRNA (rather than to the cytoplasmic fraction). Since the vast majority of the mRNA transcripts we study do localize to the cytoplasm (data not shown) and export of newly synthesized mRNA to the cytoplasm occurs much faster than mRNA degradation, using α~2~*M* as the degradation rate is a good approximation.(iii) Degradation of pre-mRNA in the nucleus, beyond its conversion to mRNA, is minimal. Hence, all pre-mRNA lost (in [Equation (2)](#eq2){ref-type="disp-formula"}) is converted and reappears as mRNA (in [Equation (3)](#eq3){ref-type="disp-formula"}).(iv) The conversion coefficient α~1~ is independent of time and is not affected by the stimulus.

As described below, assumptions (iii) and (iv) were confirmed experimentally. Finally, our model conforms with the fact that pre-mRNA splicing temporally coincides with other processing events such as capping, RNA editing and poly(A)-tail addition ([@b25]; [@b36]; [@b41]).

In both quantitative PCR (qPCR) and microarray measurements, the output signal for different nucleotide sequences is characterized by different amplification and hybridization efficiencies. Hence, these measurements yield reliably only relative concentrations, for example, FC, measured, for each transcript, with respect to its concentration in some reference condition. Throughout this study, we used the pre-stimulus state, *t*=0, as our reference, and all relative concentrations shown are the FC with respect to this reference. Hence, we used a trivial transformation of variables to cast [Equations (2)](#eq2){ref-type="disp-formula"} and [(3)](#eq3){ref-type="disp-formula"} in a form that presents the dynamics of normalized FC variables, , where *X* stands for any of the quantities *P*, *M*, β, α:

These are the actual dynamic equations we used to infer for each transcript its normalized, time-dependent production and degradation rates (*t*) and ~2~(*t*). These rates were inferred (see *Materials and methods*) from measurements of the corresponding *P̂*(*t*) and *M̂*(*t*). Note that for fast conversion, that is, α~1~≫1, [Equation (4)](#eq4){ref-type="disp-formula"} can be rewritten (using first order Taylor expansion) as (*t*)≈*P̂*(*t*+1/α~1~), demonstrating that the production FC profile is given, to good approximation, by the time-shifted pre-mRNA FC.

Pre- and post-stimulus values of conversion coefficients α~1~(*t*) were determined by direct measurements (see below in subsection *Conversion with a constant coefficient dominates pre-mRNA outflux*) while degradation coefficients α~2~(0) were derived from the transcript FC profiles by optimization of the fit to the data (see Materials and methods).

The predicted transcript responses to different production and degradation profiles
-----------------------------------------------------------------------------------

To demonstrate the time-dependent FC of pre-mRNA and mRNA generated by our model, we solved numerically [Equations (4)](#eq4){ref-type="disp-formula"} and [(5)](#eq5){ref-type="disp-formula"} for different time-varying forms of transcript production (*t*) and degradation ~2~(*t*). We find that the temporal pre-mRNA profile closely resembles the time-dependent transcript production rate (*t*) for both upregulated and downregulated transcripts ([Figure 1](#f1){ref-type="fig"}).

In contrast, the profile of mRNA is affected also by degradation and exhibits much slower kinetics, particularly for mRNAs with long half-lives ([@b13]). In terms of end point steady-state levels, a 5-fold increase in production ([Figure 1A](#f1){ref-type="fig"}) is equivalent to a 5-fold reduction in degradation ([Figure 1B](#f1){ref-type="fig"}). However, the response time, that is, the time until half the end point change is reached, is much longer in the latter case. Our simulations of upregulation also demonstrate that a simple step to new production or degradation rates cannot generate the rapid dynamics of transcriptional responses that were in fact observed across a series of experimental conditions ([@b27]; [@b2], [@b3]), especially for medium to long-lived mRNAs. In contrast, as seen in [Figure 1C](#f1){ref-type="fig"}, marked acceleration of the response of even long-lived mRNAs *can* be achieved by a strategy of *production overshoot* (defined as a transient increase of the pre-mRNA FC to values that exceed at least twice the maximal mRNA FC). Thus, unlike the response time to simple step changes in β and/or α~2~, which is governed by α~2~ alone ([@b1]; [@b47]; [@b13]), our results emphasize the importance of short pulses of production to achieve rapid transcriptional induction.

Simulations of responses to different strategies that lead to downregulation are shown in [Figure 1D--F](#f1){ref-type="fig"}. In order to accelerate downregulation, cells have to transiently increase degradation rates; otherwise even complete arrest of production will result in decay at a rate not faster than the initial half-life of the transcript.

Another point to note is the insensitivity of the mRNA profiles to the precise value of the conversion coefficient α~1~. The reason is that typically conversion times are much shorter than mRNA half-lives ([Supplementary Figure S1A](#S1){ref-type="supplementary-material"}).

Measuring pre-mRNA and mRNA expression using intronic and exonic probe sets
---------------------------------------------------------------------------

As a model system for studying strategies of mammalian transcriptional responses to extracellular signals, we used the human mammary epithelial MCF10A cell line. Within 8 h of stimulation with EGF, MCF10A cells develop a migratory and invasive phenotype that requires *de novo* transcription of pro-migratory genes ([@b2]; [@b28]). Importantly, under our experimental conditions MCF10A cells remain viable for over 10 days, but do not proliferate, thus precluding the confounding effect of mRNA dilution due to cell division (see Materials and methods).

We extracted total RNA from biological triplicates at 7 time points following stimulation, hybridized these samples to 21 Affymetrix GeneChip Human Exon 1.0 ST Arrays, and measured, for the first time, transcriptome-wide dynamics of mRNA *and* pre-mRNA. The key to this advance was using signals from exonic and intronic probe sets (PS), both present on these arrays ([Figure 2A](#f2){ref-type="fig"}). Owing to the instantaneous degradation of introns that were spliced out of pre-mRNA ([@b48]), the signal of intronic PS reflects the amount of the respective pre-mRNA (validated for example for the *VCL* gene by comparing [Figures 2D](#f2){ref-type="fig"} and [3C](#f3){ref-type="fig"}). Exons, on the other hand, are common to both pre-mRNA and mature mRNA. Because mature mRNA abundance vastly exceeds that of pre-mRNA (the ratio of their steady-state levels equals the ratio of their half-lives), the signals of exonic PS are dominated by mRNA.

We classified each PS as interrogating exons or introns, by combining annotation-based criteria with constraints on signal quality and intensity (see [Supplementary information](#S1){ref-type="supplementary-material"}). Properly weighted intronic readings were used to assess, at each time point, the gene-level pre-mRNA expression, while gene-level mRNA expression levels were computed by combining signals from the gene\'s exonic PS. Of note, our strategy of using signals from intronic PS to measure changes in pre-mRNA expression may be applicable to most multicellular organisms: Analysis of the number of intron-containing genes and the size of their introns revealed that the majority of genes, from *C. elegans* to human, contain introns that are large enough to be interrogated by one or more PS ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}). The main limitation in this methodology may reside in (i) the paucity of intronic PS in existing microarray platforms and (ii) difficulty to detect gene-level intronic FC above noise level in less abundant transcripts. Analysis of three biological replicates of each time point permitted us to reliably detect gene-level exonic FC for about 8000 genes. In nearly half of those, a sufficient number of intronic PS (see Materials and methods) were present and exhibited a signal clearly exceeding noise level, thus allowing definition of gene-level intronic FC values (see [Supplementary information](#S1){ref-type="supplementary-material"} and [Supplementary Figure S3](#S1){ref-type="supplementary-material"}).

Genome-wide time-dependent pre-mRNA and mRNA transcriptional responses to EGF stimulation
-----------------------------------------------------------------------------------------

By measuring the FC of pre-mRNAs (introns) and mRNAs (exons) at 7 time points, we identified 441 transcriptionally induced genes (with maximum FC exceeding 2.1 for pre-mRNA and 1.5 for mRNA, see [Supplementary information](#S1){ref-type="supplementary-material"} for choice of cutoffs). [Figure 2B](#f2){ref-type="fig"} displays the time-dependent FC profiles of these genes. Genes were first grouped according to the peak time of their mRNA FC; members of each group were then internally ordered according to the peak time of their pre-mRNA. Finally, each subgroup of transcripts that shared both mRNA and pre-mRNA peak times was sorted by the correlation between the two profiles (see right bar on [Figure 2B](#f2){ref-type="fig"} and [Supplementary information](#S1){ref-type="supplementary-material"}). As expected, the onset and peak expression time of introns typically preceded that of exons ([Figure 2B](#f2){ref-type="fig"}; [Supplementary Figure S1B--E](#S1){ref-type="supplementary-material"}). Surprisingly, most genes exhibited markedly different temporal profiles of mRNA and pre-mRNA expression ([Figure 2B](#f2){ref-type="fig"}, right bar). For instance, the mRNA of *LAMC2* peaked 8 h after EGF stimulation, while its pre-mRNA had reached its maximum FC already after 20 to 30 min ([Figures 2B](#f2){ref-type="fig"} and [3E](#f3){ref-type="fig"}). Strikingly, genes with similar peak times of mRNA expression exhibited clearly distinct pre-mRNA dynamics. Intuitively, genes with similar pre-mRNA profiles would be more likely to share common *cis*-regulatory elements compared with genes exhibiting similar mRNA profiles. Our analyses of genes sharing either similar pre-mRNA or mRNA profiles, however, did not reveal a significant enrichment in known transcription factor-binding DNA sequence motifs (data not shown). Importantly, by 20 min after EGF stimulus, pre-mRNA levels of most upregulated mRNAs had already increased (see heatmaps in [Figure 2B](#f2){ref-type="fig"}), suggesting that the initial regulation of these genes occurs via the primary transcriptional response, whereas the amplitude and duration of induction of these genes may be differentially shaped by newly synthesized transcriptional and post-transcriptional regulators.

Complementary time-dependent amplitude information revealed that most of the induced genes exhibited much higher and narrower peaks of pre-mRNA FC compared with mRNA FC ([Figures 2C](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}). Whereas the early FC of many pre-mRNAs tremendously exceeded that of their respective mRNAs, their FCs at later time points were comparable. In particular, the peak pre-mRNA FC of 18% (79/441) of the induced genes exceeded the peak FC of their corresponding mRNAs by \>2-fold (green lines on the bar in [Figure 2B](#f2){ref-type="fig"} and green dots in [Figure 2C](#f2){ref-type="fig"}). We refer to these as genes exhibiting *production overshoot*. The role of a brief pulse of production which significantly exceeds the eventual mRNA FC is to accelerate the rise of mRNA abundance and thereby shorten response time. Production overshoot is the strategy of choice to overcome the 'dynamic barrier\' imposed by long mRNA life times on the 'classical\' step rise in production described above ([Figure 1A](#f1){ref-type="fig"}). Production overshoot is not synonymous (see [Figure 2C](#f2){ref-type="fig"}) to having either higher long-time mRNA FC or to a transient peak of mRNA abundance.

Genes exhibiting production overshoot are mostly PRGs
-----------------------------------------------------

Production overshoot was typically found in genes exhibiting significantly earlier onset and peak of production, as well as earlier mRNA peak time compared with genes without overshooting introns. For example, within the first 40 min of EGF stimulation pre-mRNA levels had increased by \>2-fold in 96% of the overshooting versus 45% of the non-overshooting genes ([Supplementary Figure S1B--E](#S1){ref-type="supplementary-material"}). Such rapid kinetic characteristics identify genes with production overshoot as PRGs. To examine this notion, we considered a data set of 98 genes identified as PRGs in glioblastoma cells stimulated with the platelet-derived growth factor in the presence of cycloheximide ([@b50]). Thirteen (13%) of these PRGs were also transcriptionally induced by EGF in our MCF10A cells. Nine out of these thirteen PRGs (69%) exhibited production overshoot in MCF10A cells indicating highly significant overlap (*P*\<4.0E−06, hypergeometric test). Functional annotation analysis ([@b26]) of the overshooting genes revealed their significant enrichment by functional categories associated with cell adhesion and motility ([Supplementary File 1](#S1){ref-type="supplementary-material"}).

A typical example of production overshoot is shown in [Figure 2D](#f2){ref-type="fig"} for the vinculin (*VCL*) gene, which encodes for a tension sensor localized to focal adhesions. Here, EGF stimulation leads to a transient, 16-FC in expression of intronic PS, reached 40--60 min after stimulation and rapidly fading thereafter. In contrast, exonic PS display delayed and much more subtle changes, exhibiting a peak FC of 2 between 120 and 240 min followed by a slow decrease. Note that in large genes such as *VCL* (122 kb) or *ITGA2* (105 kb, [Supplementary Figure S4](#S1){ref-type="supplementary-material"}), the space-time dependence of intronic PS reflects the propagation of the initial wave of polymerases sweeping along the gene ([@b48]; [@b51]; [Figure 2D](#f2){ref-type="fig"}).

Inferring transcript production and degradation dynamics from pre-mRNA and mRNA profiles
----------------------------------------------------------------------------------------

To obtain time-dependent transcript production and mRNA degradation rates, we measured pre-mRNA and mRNA expression profiles by qPCR (see Materials and methods and [Supplementary Figure S5](#S1){ref-type="supplementary-material"}) in a frequently sampled time course experiment. We selected 12 upregulated genes (indicated in [Figure 2B](#f2){ref-type="fig"}), 9 with production overshoot and, for comparison, 3 without production overshoot. Additionally, we profiled *MYC* as well as three dramatically induced IEGs: *HBEGF*, *NR4A1* and *PTGS2* (IEGs would otherwise have been underrepresented in our analyses due to lack of a sufficient number of intronic PS, see Materials and methods). Results for downregulated genes are described later ([Figure 4](#f4){ref-type="fig"}).

Overshooting pre-mRNA levels occurred in genes with diverse mRNA profiles, such as exhibiting transient or sustained induction, high or low level fold change, and early or late peaks ([Figure 3](#f3){ref-type="fig"}; [Supplementary Figure S5](#S1){ref-type="supplementary-material"}). Genes, for which exon arrays did not reveal an overshoot in intron profiles, did not exhibit overshoot in qPCR measurements either ([Figure 3G and H](#f3){ref-type="fig"}; [Supplementary Figure S5](#S1){ref-type="supplementary-material"}), validating the array results. Transcript production and degradation dynamics ([Figure 3](#f3){ref-type="fig"}, (*t*) and ~2~(*t*) are shown in green and gold curves, respectively) were inferred from measured pre-mRNA and mRNA time courses (as described in Materials and methods).

Importantly, these functions were obtained without any interference with the transcriptional response.

In an independent experiment, we measured the values of the pre-mRNA conversion coefficient α~1~, in the pre-stimulus steady state as well as following stimulation, using transcription arrest during short temporal intervals (see below, [Supplementary Figure S6A](#S1){ref-type="supplementary-material"}). These values were found to be highly similar across all transcripts analyzed. Since the relevant time scale of conversion is a few minutes, the problems associated with the severe disruption of the cells (caused by transcription arrest) have not yet taken effect and the results are reliable. By contrast, the pre-stimulus mRNA degradation coefficients α~2~(0) could reliably be determined without transcription arrest, by fitting our data (see Materials and methods), and exhibited wide variation between transcripts. Analysis of the statistical error of the inferred profiles (described in [Supplementary information](#S1){ref-type="supplementary-material"}) shows that the observed temporal variations are statistically significant.

Profiles shown in [Figure 3](#f3){ref-type="fig"} reveal that the overshoot in pre-mRNA levels reflects an overshoot in the production rate. In contrast to pre-mRNA levels, mRNA levels often peaked while production had already decreased much below its peak level, or even returned to its initial level (e.g., see *NR4A1* and *VCL* in [Figure 3B and C](#f3){ref-type="fig"}). Some of the genes also exhibited a second, albeit much smaller, peak of production (e.g., *TUFT1* in [Figure 3D](#f3){ref-type="fig"} and *CD55* in [Supplementary Figure S5](#S1){ref-type="supplementary-material"}).

mRNA degradation coefficients of several genes also exhibited non-monotonic behavior, including stabilization at long times (e.g., *AREG* and *HBEGF*; [Figure 3G and H](#f3){ref-type="fig"}), demonstrating that cells delicately balance degradation with time-varying production to establish the desired temporal mRNA profiles. The inferred EGF-induced changes of mRNA stability at long times were qualitatively confirmed by experiments employing transcription arrest ([Supplementary Figure S6B](#S1){ref-type="supplementary-material"}). The inferred (slightly \<2-fold) stabilization in *AREG* and *HBEG*F (see [Figure 3G and H](#f3){ref-type="fig"}) was confirmed, while the actual measured degradation times were significantly longer than the ones inferred without transcription arrest (pre-stimulus for *AREG* 69 versus 26 min, for *HBEGF* 28 versus 18 min), indicating the extent to which such methods are comparable.

Downregulated genes
-------------------

An important aspect of transcriptional response involves downregulation of many transcripts. Due to the typically long mRNA half-lives, the timing of transcript production shut-down is hard to determine from mRNA data. We identified 364 downregulated genes characterized by exon FC\<0.7 and/or intron FC\<0.5. Time-dependent mRNA and pre-mRNA temporal profiles of these genes emphasize again the mismatch between mRNA and production profiles ([Figure 4A](#f4){ref-type="fig"}). Transcription dynamics of six genes, measured at high temporal resolution ([Figure 4B](#f4){ref-type="fig"}), revealed non-trivial production dynamics, mostly involving pronounced early shut-down followed by partial restoration of production. Importantly, in our experimental system, mRNA downregulation always involved a decrease of production (versus relying on mRNA degradation only, e.g., [Figure 1F](#f1){ref-type="fig"}).

Conversion with a constant coefficient dominates pre-mRNA outflux
-----------------------------------------------------------------

Inference of production and degradation profiles from our model was derived assuming that the pre-mRNA to mRNA conversion coefficient α~1~ does not vary with time. An alternative scenario, of conversion slowing down (due to either saturation of the pre-mRNA processing machinery ([@b37]; [@b38]; [@b48] or to prolonged nuclear retention of incompletely processed transcripts ([@b40])), could lead to pile-up of pre-mRNA and interfere with correct estimation of production rates. To exclude this possibility, we directly calculated the pre-mRNA conversion coefficients (α~1~) from measurements of pre-mRNA decay following transcription arrest. This was done for both unstimulated MCF10A cells and EGF-stimulated cells, yielding very similar decay rates of pre-mRNA under the two conditions ([Figure 5A](#f5){ref-type="fig"}; [Supplementary Figure S6A](#S1){ref-type="supplementary-material"}), confirming our modeling assumptions: indeed, α~1~ remains unchanged over a large range of pre-mRNA concentrations.

Another explicit assumption of our model is that the half-life of pre-mRNA is mainly determined by conversion to mRNA, rather than by degradation. Conceivably, a significant level of pre-mRNA degradation by the nuclear RNAi machinery, that changes in the course of the stimulus ([@b7]; [@b23]; [@b19]), could also contribute to the increased pre-mRNA levels, which we attributed to sharply increased production. Because for most genes the ratio of pre-mRNA to mRNA is very low---even close to the peak of pre-mRNA---assessing the quantitative impact of pre-mRNA degradative processes is quite challenging. To accomplish this, we analyzed two highly induced genes (*PTGS2* and *NR4A1*), both exhibiting overshooting pre-mRNA. We arrested transcription near the point of maximum pre-mRNA accumulation (at which the pre-mRNA to mRNA ratio was high enough), and measured pre-mRNA, mRNA and exon FCs by qPCR. Since the copy number of exons is preserved by pre-mRNA conversion, but not preserved when pre-mRNA is degraded, loss of exons would be indicative of non-negligible pre-mRNA degradation. We found that conversion was the predominant process of pre-mRNA depletion; the rapid decay of pre-mRNA was accompanied by nearly constant exon abundance and an increase of mRNA ([Figure 5B](#f5){ref-type="fig"}).

Production overshoot accelerates the induction of mRNAs
-------------------------------------------------------

Our results demonstrate that the production dynamics of many induced genes do not exhibit a simple step increase ([Figure 1A](#f1){ref-type="fig"}); rather, production overshoot is the strategy of choice ([Figure 1C](#f1){ref-type="fig"}) and is most likely employed in order to accelerate mRNA response. Therefore, we compared the temporal profiles of mRNAs of induced transcripts with and without pre-mRNA overshoot. To eliminate the confounding effect of mRNA half-life, we first grouped genes into sets of similar half-lives, and then compared the dynamics of transcripts within each set. mRNA half-life was estimated for all induced genes using the fitting procedure as described in Materials and methods.

Beyond revealing the expected faster response and earlier peak times for short-lived versus long-lived mRNAs ([@b47]; [@b22]; [@b13]), our analyses demonstrated clearly shorter response times for genes exhibiting production overshoot across the entire range of mRNA half-lives ([Figure 6](#f6){ref-type="fig"}). Similar results were obtained, when information on mRNA half-lives from another data source, which employed biosynthetic labeling (genomic run-on) methods to calculate mRNA half-lives in different cell lines, was used ([@b15]; [Supplementary Figure S7](#S1){ref-type="supplementary-material"}).

Production overshoot is a generic operational strategy enabling accelerated response
------------------------------------------------------------------------------------

To evaluate the generality of production overshoot in transcriptional responses, we studied two additional very disparate cell types subjected to different types of stimuli, namely LPS-stimulated murine bone marrow-derived primary dendritic cells (DCs), and human embryonic stem cells (hESCs) exposed to retinoic acid (RA). Binding of LPS to Toll-like receptor-4 at the plasma membrane instigates signaling cascades that culminate in the activation of transcription factors such as NFκB, which induce an inflammatory response and maturation of DCs ([@b34]; [Supplementary Figure S8A](#S1){ref-type="supplementary-material"}). By contrast, RA diffuses through the cell membrane and forms a transcription regulatory complex with the RA receptor, which promotes hESC differentiation toward ectodermal (i.e., neuronal) fates within several days ([Supplementary Figure S8B](#S1){ref-type="supplementary-material"}; [@b8]).

In both systems, the temporal profiles of pre-mRNAs and mRNAs during the very initial phase of the transcriptional response to stimulation revealed transcripts exhibiting production overshoot, along with several known changes in mRNA stability accompanying transcriptional induction ([@b22]; [Figure 7](#f7){ref-type="fig"}; [Supplementary Figure S9](#S1){ref-type="supplementary-material"}). The observed occurrence of production overshoot in the three very different stimulated systems described herein demonstrates that this operational strategy is a general characteristic of mammalian transcriptional responses to extracellular cues.

Discussion
==========

Transcriptional responses of cells to external signals involve orchestrated changes in transcript production and degradation rates. These changes are often assumed to be simple shifts of production and degradation to new constant values. By combining mathematical modeling with measured temporal profiles of pre-mRNA and mRNA abundance in response to extracellular stimuli, we obtained, with unprecedented resolution, the time-dependent behavior of the processes that control transcript induction, that is, production and degradation. We discovered and quantified a most prominent feature of the pre-mRNA profiles of many genes, reflecting a transient pulse of production of previously unanticipated high dynamic range. Thus, production FC can exhibit a large overshoot over eventual mRNA FC. Moreover, genes with similar mRNA peak times exhibit a wide variation in production peak times, suggesting that the expression of such genes may be governed by different regulatory elements. Most EGF-induced genes initiate their production within the first hour after stimulation ([Supplementary Figure S1B and C](#S1){ref-type="supplementary-material"}, blue curves). Two recently published studies addressed related issues. The first used global run-on and sequencing (Gro-seq) in a breast cancer cell line after estradiol stimulation ([@b21]), while the second used pulse labeling by 4sU in LPS-stimulated DCs. In agreement with our results, the first study reported that a large fraction of the transcriptional response was executed very rapidly, while the ensuing change of mRNA abundance was delayed by intervals that varied between 1 and 3 h. In contrast, the second study reported that changes in total mRNA lagged behind the corresponding changes in newly synthesized RNA by a fairly uniform interval of 15--30 min ([@b42]).

Beyond production, the temporal profiles of mRNA induction are shaped also by degradation ([@b5]; [@b22]). Our quantitative assessment properly weighs the relative contributions of production and degradation to the dynamics of transcriptional responses.

Production overshoot is instrumental, together with time-dependent degradation, in shaping precisely transient expression profiles, to bring a transcript to the right level at the right time and for the right duration. We found that most genes exhibiting production overshoot are *bona fide* PRGs and are enriched by executors of the phenotypic response to stimulation. These genes encode for relatively long-lived mRNAs, whose levels may be maintained at an economically favorable low production rate in the absence of stimuli.

Whether the overshoot is a digital all-or-none phenomenon, tuned only by the fraction of cells responding to stimulation ([@b39]) or by the duration of production ([@b29]; [@b49]), is an open question. Alternatively, it may comprise a graded transcriptional response in individual cells, demonstrated, for example, by independent NFκB binding to adjacent regulatory sites ([@b17]). The underlying molecular mechanisms may also include cooperative action of transcription factors, regulation of the number of polymerases traveling across the gene, and regulation of polymerase processivity ([@b6]; [@b51]). The very rapid offset kinetics of overshooting pre-mRNA production, which often precedes significant changes in mRNA abundance, suggests that if cells use feedback to induce this decrease, its mechanism likely relies on sensing the levels of pre-mRNA or nuclear mRNA, rather than of cytoplasmic mRNA or protein. An attractive and likely alternative to feedback is a mechanism of 'prewired control\'---production is designed to have a transient pulse-like profile. In different cellular model systems, we found that different genes exhibit production overshoot at different times, suggesting that the molecular mechanisms governing production overshoot may be gene and context dependent, and will require additional studies. Our findings are an essential prerequisite for such studies.

We believe that our demonstration of how similar mRNA profiles can be generated by very different production profiles constitutes an important conceptual advance. The insights gained by our modeling approach and experiments provide a consistent framework toward quantitative elucidation of operational and molecular strategies used by cells to regulate transcriptional responses to extracellular signals.

Materials and methods
=====================

Cell culture and stimulation
----------------------------

MCF10A cells were cultured as described in [@b28] and stimulated with EGF (20 ng/ml) for the indicated intervals. Bone marrow-derived murine DCs from C57BL/6 mice were prepared as previously described ([@b3]) and stimulated with LPS (100 ng/ml). H9 human ESCs were cultured as described in [Supplementary information](#S1){ref-type="supplementary-material"} and stimulated with all-trans RA (1 μM). For RNA decay experiments, ActD was used as indicated to arrest transcription.

RNA isolation and microarray hybridization
------------------------------------------

RNA was isolated using the *PerfectPure RNA Cultured Cell Kit* (5 Prime, Hamburg, Germany) including DNAse 1 digestion and rRNA depleted. Samples were processed as recommended by the microarray manufacturer and hybridized to *Affymetrix GeneChip Human Exon 1.0 ST* arrays. Microarray data are deposited in Gene Expression Omnibus (accession number [GSE24391](GSE24391)).

Real-time qPCR
--------------

For qPCR of pre-mRNA and mRNA, respectively, forward primers were positioned in the second intron and exon, respectively, and a shared reverse primer was positioned in the third constitutive exon. For amplification of exon mRNA, primer pairs were positioned in the third exon. All qPCRs were performed using *Power SYBR Green PCR Master Mix* (Applied Biosystems, Foster City, CA) on a *7900HT Fast Real Time PCR System* platform (Applied Biosystems) along with non-template controls, melt curve analysis and cDNA dilution series. Detailed methods and curve fitting are described in [Supplementary information](#S1){ref-type="supplementary-material"} and primer sequences are listed in [Supplementary File 1](#S1){ref-type="supplementary-material"}.

Microarray data analyses
------------------------

Affymetrix Expression Console (parameters: Annotation confidence---full, Summarization method---iterPLIER include DABG, Background---PM-GCBG, Normalization method---none) was used, followed by normalization of all arrays together using a Lowess multi-array algorithm and signal-dependent noise estimation, as described in [@b53]. Annotation and signal-based information was used to define exonic and intronic PS. Intronic and exonic PS were used to calculate the gene-level FC of pre-mRNAs and mRNAs. A detailed description of microarray data processing is given in [Supplementary information](#S1){ref-type="supplementary-material"} and [Supplementary Figures S3 and S10](#S1){ref-type="supplementary-material"}.

Inference of transcript production and degradation profiles
-----------------------------------------------------------

Pre-mRNA, mRNA and exon FC were measured for selected genes using qPCR at up to 27 time points. For all measurements, the average of three technical replicates was plotted versus time. In order to infer the production profile, we used [Equation (4)](#eq4){ref-type="disp-formula"}. A particular 5-parameter functional form *P̂*^fit^ (*t*) (see [Supplementary information](#S1){ref-type="supplementary-material"}) was used and the parameters were determined by best fit to the data. The value of the pre-mRNA conversion coefficient was determined for each transcript (see [Figure 5A](#f5){ref-type="fig"} and [Supplementary Figure S6A](#S1){ref-type="supplementary-material"}). The time derivative of the fitted function was taken (analytically) and [Equation (4)](#eq4){ref-type="disp-formula"} was inverted to yield an analytic form of the production profile,

Next, for each gene, the pre-stimulus mRNA degradation rate α~2~(0) and degradation profile ~2~(*t*) were inferred in a nested iterative procedure. A particular 7-parameter form was assumed for this function (see [Supplementary information](#S1){ref-type="supplementary-material"}). The main iterative procedure is the following: start with an initial guess ~2~(*t*)=1, optimize (as described below) the pre-stimulus coefficient to get α~2~^(1)^(0); using this value, optimize the degradation profile to get a new ~2~(*t*), optimize again α~2~(0) to obtain the next optimal α~2~(0) and iterate until convergence.

We describe here the optimization procedure for the case of fixed α~2~(0). We took an initial guess ~2~^(0)^(*t*), substituted it for ~2~(*t*) in the right hand side of [Equation (5)](#eq5){ref-type="disp-formula"}, together with the analytic fitted function *P̂*^fit^(*t*). Next, we integrated [Equation (5)](#eq5){ref-type="disp-formula"} numerically to yield an approximate *M̂*^(0)^ (*t*). The least squares deviation of this function from the measured data was calculated, and new values for the parameters were set to define ~2~^(1)^(*t*). The process was iterated until convergence to a function ~2~(t) that gave the best fit to the measured *M̂*(*t*). A similar iterative process was used to optimize the pre-stimulus degradation coefficient for a given degradation profile (~2~(*t*)).

The error of the inferred functions, estimated on the basis of the qPCR measurement noise, is explained in [Supplementary information](#S1){ref-type="supplementary-material"} and presented, for a single transcript, *NR4A1*, in [Supplementary Figure S11](#S1){ref-type="supplementary-material"}.

Functions used for fit
----------------------

The functions used to fit the pre-mRNA and degradation FC profiles, *P̂*^fit^ (*t*) and ~2~(*t*) are described in detail in [Supplementary information](#S1){ref-type="supplementary-material"}.
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![Pre-mRNA and mRNA response profiles for stimulus-induced production and degradation changes. Different time-dependent production rates (green) and degradation coefficients (gold) are shown in the left column. Resulting pre-mRNA (red) and mRNA (blue) profiles, obtained by numerically solving [Equations (4)](#eq4){ref-type="disp-formula"} and [(5)](#eq5){ref-type="disp-formula"}, are presented for mRNAs with initial half-lives of 30 and 120 min in the middle and right columns, respectively. All strategies yield a 5-fold change in the steady-state mRNA level, pre-mRNA profiles closely mimic production, while mRNA FC profiles are delayed and may be qualitatively different. (**A**) Five-fold step increase of production rate at time *t*=0. A rapid increase of pre-mRNA levels is followed by slower mRNA response. Dashed black line indicates the rise time to half of the aimed level, determined by the mRNA half-life. (**B**) Signal-induced 5-fold step decrease of degradation rate. Pre-mRNA levels reflect unchanged production; mRNA accumulates now more slowly compared with (A). (**C**) Signal-induced transient overshoot in production rate accelerates mRNA induction, particularly for mRNAs with long initial half-lives. (**D**) Five-fold step decrease in production rate at *t*=0. (**E**) Degradation driven downregulation: response time is shorter due to reduction of the mRNA half-life. (**F**) A transient overshoot in degradation accelerates response time of downregulated genes.](msb201162-f1){#f1}

![EGF induces distinct transcriptional dynamics of pre-mRNAs and mRNAs in MCF10A cells. (**A**) Experimental outline: MCF10A mammary epithelial cells were stimulated with EGF for the indicated intervals and RNA was hybridized to Affymetrix Exon Arrays. Annotation and signal intensity-based filtering was performed to define probe sets (PS) interrogating exons (blue marks) and introns (red). Fold changes (FCs) of intronic and exonic PS were weighed separately to define the pre-mRNA and mRNA FC for each gene. (**B**) Pre-mRNA and mRNA profiles of 441 transcriptionally induced genes. The left (right) heatmap displays mRNA (pre-mRNA) expression, as defined by the gene-level exon (intron) FC profiles; genes are grouped according to the peak time of their mRNA expression and within each such group ordered according to the peak time of their pre-mRNA FC. Finally, within each subgroup the transcripts were ordered according to the correlation between the pre-mRNA and mRNA profiles (rightmost panel). The order of genes is the same in both heatmaps. Note that the log-transformed expression values of each row were centered and normalized (separately for pre-mRNA and mRNA, owing to their different dynamic range). Hence, the log-FC values at *t*=0 are not uniformly 0. Green lines on the bar on the left indicate genes with production overshoot (i.e., the maximal FC of intronic PS exceeded that of exonic PS by \>2-fold). Genes chosen for detailed validation ([Figure 3](#f3){ref-type="fig"}) are indicated. (**C**) Scatter plots comparing gene-level intron (pre-mRNA) and exon (mRNA) FC during EGF stimulation. Genes with mRNA FC⩽1.5 over the whole time course (grey dots), transcriptionally induced genes with production overshoot (green dots) or without (red dots) are shown. Note the similarity of mRNA FC of overshooting and non-overshooting genes. (**D**) Space-time description of probe-level FC of an overshooting gene. Upper panel: Genomic organization of the vinculin (*VCL*) gene (122 kb). Arrow length corresponds to 50 kb. Positions of exonic (blue) and intronic (red) PS are indicated. Lower panels: FC (log2 scale) of each PS with respect to its baseline value is shown for the time course outlined in (A). Only PS with present calls in all replicates of the respective time points compared are shown. Error bars (in gold) represent standard deviations. Note that intronic and exonic PS display different behavior and dynamic range.](msb201162-f2){#f2}

![Genes with distinct mRNA expression profiles exhibit production overshoot. Real-time quantitative PCR (qPCR) measurements of expression FC profiles of selected genes with production overshoot (**A**--**F**) or no production overshoot (**G**, **H**), in a high-resolution time course following stimulation of MCF10A cells with EGF. Dots represent averages of technical triplicates, solid lines represent best fit (see [Supplementary information](#S1){ref-type="supplementary-material"}) of pre-mRNA (red) and mature mRNA (blue). Production profiles (green lines) and degradation (gold) were inferred from these measurements. Half-lives (*t*~1/2~) of pre-mRNAs were measured as described in the text, whereas those of mRNA were estimated from fit to the data (see Materials and methods).](msb201162-f3){#f3}

![EGF driven downregulation of pre-mRNAs and mRNAs in MCF10A cells. (**A**) Pre-mRNA and mRNA profiles of 364 transcriptionally repressed genes. The left heatmap displays mRNA expression as defined by the gene-level exon FC profiles; genes are grouped first according to the time of their lowest mRNA FC, and within each such group, they are ordered according to the time of their lowest pre-mRNA FC, as reflected by intronic FC (right heatmap). The order of the genes is the same in both heatmaps. Names of genes that were chosen for detailed validation are indicated. Note that mRNA profiles are very poor indicators of shutdown of pre-mRNA production. Heatmaps were normalized as in [Figure 2B](#f2){ref-type="fig"}. (**B**) qPCR measurements of expression FC profiles of selected downregulated genes in a high-resolution time course following stimulation of MCF10A cells with EGF. Dots represent averages of technical triplicates, solid lines represent best fit (see Materials and methods) of pre-mRNA (red) and mature mRNA (blue). Production profiles (green lines), mRNA half-lives and degradation (gold) were inferred from these measurements as described in Materials and methods.](msb201162-f4){#f4}

![Validation of model assumptions. (**A**) Pre-mRNA decay in unstimulated (green curves) and EGF-stimulated (red curves) MCF10A cells: transcription was arrested by applying ActD (10 μM) to mock-stimulated MCF10A cells or to cells near the peak of pre-mRNA induction after pre-incubation with EGF (20 ng/ml) for 20 min (*AREG*, *HBEGF*, *PTGS2*) or 40 min (*TGFA*), respectively. RNA was isolated at the indicated time points and qPCR was used to measure pre-mRNA decay. Note that the pre-mRNA conversion coefficient is unaffected by EGF stimulation. (**B**) Dynamics of pre-, exon and mature mRNA after transcription arrest at the peak of pre-mRNA induction: MCF10A cells were stimulated with EGF for 20 min before applying ActD as described in (A). Pre-mRNA (red), exonic (black) and mature mRNA (blue) were measured by qPCR. Note that pre-mRNA outflux is predominantly determined by conversion to mRNA. All symbols and error bars denote mean values and standard deviations of technical triplicates from one out of three independently repeated experiments. RNA half-lives (*t*~1/2~) and asymptotic constants (*k*) were calculated and curves were fit as described in Materials and methods.](msb201162-f5){#f5}

![Pre-mRNA production overshoot accelerates the response time of mRNAs. Genes that were transcriptionally induced by EGF stimulation of MCF10A cells (as described in legend to [Figure 2](#f2){ref-type="fig"}) were grouped according to their mRNA half-lives (extracted from our measured expression profiles, as described in Materials and methods). Results are shown for three representative groups with half-lives between (**A**) 0--90 min (**B**) 90--240 min and (**C**) 240--480 min, respectively. The two columns on the left depict the percentage of genes, whose exons and introns peaked at the indicated time points, green for overshooting and brown for non-overshooting genes. The two columns on the right present the mean temporal expression FC profiles for exons and introns, for the overshooting (green) and non-overshooting (brown) genes. Note that within each group of genes with similar half-lives we observe earlier mRNA peak times for the genes with pre-mRNA production overshoot.](msb201162-f6){#f6}

![Pre-mRNA production overshoot is a general operational strategy in mammalian transcriptional networks. The plots in (**A**--**F**) show qPCR measurements of pre-mRNA (red) and mature mRNA (blue) expression profiles for selected genes exhibiting production overshoot. Dots represent averages of technical triplicate measurements and solid lines represent best fit (see [Supplementary information](#S1){ref-type="supplementary-material"}). Production and degradation profiles were inferred from these measurements as described in Materials and methods, and their time-dependent profiles are indicated by green and gold curves, respectively. (A--C) Production overshoot in retinoic acid (RA)-stimulated human embryonic stem cells. (D--F) Production overshoot in lipopolysaccharide (LPS)-stimulated primary murine dendritic cells.](msb201162-f7){#f7}
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